We studied the genomic instability and methylation status of the mismatch-repair (MMR) genes hMLH1 and hMSH2, and the imprinted genes H19/IGF2, in fetuses with neural tube defects (NTDs) to explore the pathogenesis of the disease. Microsatellite instability (MSI) was observed in 23 of 50 NTD patients. Five NTD patients showed high-degree MSI (MSI-H) and 18 showed low-degree MSI (MSI-L). The frequencies of mutated microsatellite loci were 3/50 (6%) for BatT-25, 10/50 (20%) for Bat-26, 3/50 (6%) for Bat34C4, 6/50 (12%) for D2S123, 4/50 (8%) for D2S119, and 3/50 (6%) for D3S1611. The promoter regions of the hMLH1 and hMSH2 genes were unmethylated in NTD patients, as determined by methylation-specific PCR. The hMLH1 and hMSH2 promoter methylation patterns, the methylation levels of H19 DMR1, and IGF2 DMR0 were detected by bisulfite sequencing PCR, sub-cloning, and sequencing. The hMSH2 promoter sequence was unmethylated, and the hMLH1 promoter showed a specific methylation pattern at two CpG sites. The methylation levels of H19 DMR1 in the NTD and control groups are 73.3% ± 15.9 and 58.3% ± 11.2, respectively. The methylation level of the NTD group was higher than that of the control group (Student's t-test, Po0.05). There is no significant difference in IGF2 DMR0 methylation level between the two groups. All of the results presented here suggest that genomic instability, the MMR system, and hyper-methylation of the H19 DMR1 may be correlated with the occurrence of NTDs.
INTRODUCTION
Neural tube defects (NTDs), including anencephaly and spina bifida, are a common group of central nervous system anomalies affecting 0.5-2 fetuses per 1000 pregnancies worldwide. 1 Shanxi Province in China has the highest reported incidence of NTDs in the world. A population-based study conducted in 2003 reported a prevalence of 138.7 per 10 000 births in four counties within Shanxi Province with elevated NTD risks. 2 Children with severe birth defects have a 15-fold increased risk of death during their first year of life, with 9-10% dying during this period. 3 NTDs are multifactorial disorders that may be ascribed to genetic or environmental factors, including maternal nutritional factors, infection, physical, and chemical factors, or combinations of these factors. 4 Among the environmental factors related to NTDs, low maternal folate status and vitamin B12 appear to be risk factors. Many studies have now conclusively proved the beneficial effects of folic acid supplementation in preventing NTDs. [5] [6] These findings suggest that folate intake is a key determinant of susceptibility to NTDs. As a methyl donor, folic acid is involved in DNA synthesis, DNA methylation, and other physiological processes. In addition, folate deficiency increases uracil mis-incorporation into DNA in mice, which could lead to genomic instability. 7 Genomic instability and changes in DNA methylation status may, therefore, have significant effects on the development of NTDs.
DNA mismatch repair (MMR) is an evolutionarily conserved process that corrects mismatches generated during DNA replication and escape proofreading. MMR proteins also participate in many other DNA transactions, such that inactivation of MMR can have wide-ranging biological consequences, which can be either beneficial or detrimental. 8 Microsatellite instability (MSI) is one signal of genomic instability and reflects the status of the MMR genes. MSI has been found in hereditary non-polyposis colorectal cancer (HNPCC), sporadic colorectal, endometrial, pancreatic, breast, and gastric cancers. 9 Changes in microsatellite sequence may affect functions related to gene expression, such as transcription rate, RNA stability, splicing efficiency, and RNA-protein interactions. [10] [11] DNA methylation is an important component of epigenetics and the regulation of gene expression. Incorrect development of DNA methylation patterns can lead to embryonic lethality and developmental malformations. 12 Promoter region methylation has recently been demonstrated to be an important mechanism of gene inactivation in cancer. MSI has been associated with hyper-methylation of the hMLH1 promoter region in sporadic colorectal cancer, gastric carcinoma, and endometrial carcinomas. 13 Genomic imprinting regulates the expression of a group of genes that are monoallelically expressed in a parent-of-origin-specific manner. Allele-specific DNA methylation occurs at differentially methylated regions (DMRs) of these genes. IGF2 and H19 belong to the same cluster of imprinted genes, but are expressed differently, depending on whether they are carried by a chromosome of maternal or paternal origin. The most important regulating area of IGF2 and H19 is the sixth CCCTC-binding factor (CTCF)-binding site in the DMRs upstream from H19. The paternal CTCF allele is methylated, whereas the maternal allele is unmethylated in normal tissues. An enhancer-competition model describes how the IGF2 and H19 promoters compete on the same chromosome for a shared enhancer. Access of the unmethylated maternal IGF2 allele to the enhancer is blocked by the H19 DMRs because of the insulator activity of CTCF binding to the unmethylated H19 DMRs. As methylation is a key regulator of imprinted gene expression, methylation disturbances at DMRs have been associated with many congenital growth disorders. 14 Research has shown that the methylation patterns of imprinted genes are sensitive to malnutrition in early embryonic development. 15 Despite the increased understanding of birth defects, the mechanism underlying the formation of NTDs remains unclear. Because folate deficiency, genomic instability, DNA methylation, and MMR are highly correlated, this study explores the role in NTD-associated gene regulation played by genomic instability, MMR, and epigenetic alterations.
MATERIALS AND METHODS Samples
Stillborn NTD case subjects were obtained from Shanxi Province of China. Pathologic diagnosis of NTDs was completed by experienced pathologists according to the International Classification of Disease. Fifty NTD samples (brain tissue) were retained for analysis, including 27 subjects with spina bifida, 17 subjects with anencephalus, 5 subjects with encephaloceles, and 1 subject with sacrococcygeal defect. Fifty control subjects, who were aborted for nonmedical reasons, were also obtained from the Shanxi Province and selected according to sex, gestational week, and tissue. Any fetuses showing pathologic malformation or family history or chromosomal disorder were excluded from the control group. Routine prenatal checkup and questionnaire and the autopsy report were completed for all NTD case and control subjects. The study was approved by the local ethics committee, and written informed consent was obtained from all parents. Information relating to all of the subjects used in the study is provided in Table 1 .
Microsatellite analysis
A panel of six microsatellite markers was selected, consisting of three mononucleotide repeats (Bat25, Bat26, and Bat34C4), and three dinucleotide repeats (D2S123, D2S119, and D3S1611). Genomic DNA was extracted from samples using the standard phenol/chloroform method. Then, genomic DNA was amplified by PCR (primers were obtained from http://www.gdb.org/). PCR products were denatured, electrophoresed on 8% denaturing polyacrylamide gels, and visualized by silver staining. MSI was determined by the presence of clearly visualized altered allelic shifts in the PCR products derived from the NTD tissue specimens, when compared with the corresponding control DNA. 16 NTDs with instability in two or more markers are characterized as MSI-H (high-degree MSI), whereas NTDs with instability in one marker are defined as MSI-L (low-degree MSI), and NTDs in which none of the markers show MSI are defined as MSS. 17 GeneScan was also used to analyze the MSI status of the Bat25 and Bat26 markers in NTDs. Genomic DNA was amplified by PCR using 6-FAM and HEX-labeled primers. The GeneScan analysis software GeneMarker V1.75 was used to analyze MSI status.
MSP and BSP, sub-cloning, and sequencing
Methylation-specific PCR (MSP) was used to investigate the methylation pattern of the MMR genes hMLH1 and hMSH2 (GenBank accession numbers U83845 and U23824). The target regions were a 180-bp fragment upstream from exon-1 of hMLH1 (À271 to À92 bp, containing 11 CpG sites) and a 143-bp fragment upstream of exon-1 from hMSH2 (À42 to +100 bp, containing 14 CpG sites). Owing to degradation of genomic DNA and the limited availability of sample sources, 22 NTD samples (13 MSI-positive NTD samples, 9 MSS NTD samples) and seven control samples were selected for this analysis. Genomic DNA from NTD and control samples was treated with sodium bisulfite and purified by using the Wizard DNA Clean-Up System, and then MSP 18 was used to analyze the methylation status of the hMLH1 and hMSH2 promoters. Human placental gDNA either unmodified or methylated in vitro with SssI methylase was used as validation controls. For each PCR, 25 mM MgCl 2 , 25mM dNTP, 20 mM forward and reverse primers, 1.5 U of platinum Taq, and 10Â platinum Taq buffer were used in a 25-ml total reaction volume. The PCR cycles were as follows: pre-denaturation at 95 1C for 5 min, denaturation at 95 1C for 45 s, annealing at Tm of the primer for 1 min, and extension at 72 1C for 1 min, followed by 40 cycles, followed by a final extension at 72 1C for 5 min. PCR products were run on 1.2% agarose gels and visualized after staining with ethidium bromide. Those same samples were detected by BSP (BSP), sub-cloning, and sequencing to analyze methylation patterns at the hMLH1, hMSH2 promoter. The bisulfite-treated DNA was amplified by a nested PCR. The PCR conditions were similar as those described above except for the primers. The primer sequences and Tm are provided in Supplementary  Table S1 ; the MSP primers were as outlined previously; [19] [20] whereas the nested primers were designed using Methyl Primer Express v1.0 (ABI). About five colonies for each allele were performed by automated sequencing using M13 primers. We used QUantification tool for Methylation Analysis (QUMA) (http://quma.cdb.riken.jp/) as the analysis software to evaluate the samples' methylation status. 21 A total of 17 NTD samples were detected by BSP, sub-cloning, and sequencing for analysis of the methylation status of the H19 DMR1 and IGF2 DMR0 (GenBank accession numbers AF125183 and Y13633). The target regions were a 201-bp region of the human H19 DMR1 containing 18 CpG sites and one CTCF-binding site, which was 5 kb upstream from H19 and known to be the key site of methylation, and the IGF2 DMR0 within intron-2 of IGF2 and methylated on the maternal allele. These target loci were amplified by nested PCR. PCR was performed under the similar reaction conditions as those described above except for the primers. The primer sequences and Tm are provided in Supplementary Table S2 ; the primers of H19 DMR1 and IGF2 DMR0 were as previously outlined; [22] [23] whereas the nested primers were designed with Methyl Primer Express v1.0 (ABI). After that, the PCR products were cloned into the pGEM-T vector. About 10 colonies for each allele were performed by automated sequencing using M13 primers. The methylation pattern of each allele was analyzed with the online software QUMA.
RESULTS

Presence of MSI associated with NTDs
We evaluated six microsatellite markers to investigate genomic instability in NTD tissues. MSI was observed in 23 of the 50 NTD samples using PCR-urea denaturing PAGE (see Table 2 ) and GeneScan. The total positive rate of MSI in the NTD group was 23/50 (46%). In the MSI subset, the frequencies of mutated microsatellite loci were Pathogenesis of NTDs Z Liu et al 3/50 (6%) for Bat-25, 10/50 (20%) for Bat-26, 3/50 (6%) for Bat34C4 3, 6/50 (12%) for D2S123, 4/50 (8%) for D2S119, and 3/50 (6%) for D3S1611. Five samples showed MSI on more than one site, which defined them as MSI-H; they all showed spina bifida. Furthermore, a total of 18 samples were defined as MSI-L, with MSI at one site only. Figure 1 depicts a representative analysis of the MSIs.
The methylation patterns of the hMLH1 and hMSH2 promoters To date, little research has been conducted to investigate the relationship between the methylation patterns of the hMLH1 and hMSH2 promoters and the occurrence of NTDs. In our study, we used MSP to analyze the methylation status of the hMLH1 and hMSH2 promoter sequences in the two groups. However, we did not detect significantly more methylation of the hMLH1 and hMSH2 promoters in the NTD samples than in the control samples. Then 22 NTD samples (13 MSI-positive NTD samples, 9 MSS NTD samples) and seven non-NTD samples were detected by BSP, sub-cloning, and sequencing. The hMSH2 promoter sequence was not methylated, in agreement with the MSP analysis. The hMLH1 promoter showed two specific methylation patterns at '4,5 CpG' sites (upstream to downstream from the 4,5th CpG sites in the target region) in some NTD samples, but no significant difference was seen in the methylation patterns between the NTD and control groups (see Table 3 ).
The methylation patterns of IGF2 and H19
The human IGF2 harbors two DMRs, a DMR0 that is located at the P0 promoter and an analog DMR2 at exon-9. As the H19 DMR1 and the IGF2 DMR0 are primary regulators of H19 and IGF2 gene expression, we therefore analyzed their methylation status by BSP, sub-cloning, and sequencing to determine whether DNA methylation changes were associated with NTDs. A total of 17 NTD samples were analyzed by BSP, sub-cloning, and sequencing for analysis of the methylation status of the H19 DMR1 and IGF2 DMR0. The methylation levels of H19 DMR1 in the NTD and control groups are 73.3%±15.9 and 58.3%±11.2, respectively (see Figure 2) . The methylation level of NTD group was higher than that of control group (Student's t-test, Po0.05). The normal pattern observed at the H19 DMR1 and the IGF2 DMR0 is approximately 50% methylation. 24 We defined normal methylation pattern as 45-60% in our study, meaning that methylation levels higher than 60% or lower than 45% were considered to represent aberrant methylation. Of the 17 NTD patients, 14 showed hyper-methylation of DMR1 (14/17), and two samples showed hyper-methylation out of seven control samples (2/7). Figure 2a shows a representative result of S11 and N46. Among the 14 NTD patients who showed hyper-methylation of DMR1 (460%), eight showed MSI (2 patients were MSI-H and 6 patients were MSI-L; 8/14); in the three NTD patients who did not show hyper-methylation of DMR1 (45-60%), one NTD patient showed MSI (all of them were MSI-L, 1/3). The incidence of MSI (especially MSI-H) tended to be higher in NTD patients with hypermethylation of DMR1 than in NTD patients with no DMR1 hypermethylation. The methylation status of the H19 DMR1 in NTD samples appeared to vary substantially, as 6 of 17 patients had methylation levels in excess of 80%, whereas the control group methylation status changed very little, with most levels at 45-60%.
IGF2 DMR0 methylation level was detected in NTD and control samples by BSP, sub-cloning, and sequencing. The methylation level 
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was approximately 10% in both groups. There is no significant difference between the two groups. The results did not show that the IGF2 DMR0 was associated with the hyper-methylation status of the H19 DMR1 in NTD samples.
DISCUSSION
NTDs are caused by a failure in neural tube closure during prenatal development. However, the pathogenesis of the NTDs remains unclear. In this study, we have explored the role of genomic instability and epigenetic alterations in the gene regulation associated with NTDs. Tissue samples from patients were collected from Shanxi Province in China, which has been identified as a region with a high occurrence of NTDs. 25 MSI is one marker of genomic instability, reflecting the status of the MMR genes. MSI presents in many kinds of tumors, especially in HNPCC. In this study, we assessed the MSI of NTD samples. In total, 23 of the 50 NTD samples were MSI-positive, for a positive rate of 46%. Of these samples, five were MSI-H. The remaining 18 samples were MSI-L, with single-site MSI. Genomic instability clearly existed in the NTD samples, suggesting a defect in MMR function. Importantly, Bat25, Bat26, and Bat34C4 are located within intron-16 of the c-kit oncogene, intron-5 of the hMSH2, and the 3¢-untranslated region of exon-11 of P53, [26] [27] respectively. D2S123 and D2S119 surround hMSH2 and hMLH1, whereas D3S1611 is located within hMLH1. [28] [29] Length changes in these microsatellites might serve as expressionregulating factors, affecting the activity of these genes.
Our previous research suggested that NTD samples had low folic acid and vitamin B12 content, and the fact that the whole genome of NTD samples showed a low global methylation status indicated that a one-carbon metabolism disorder may affect the DNA methylation in NTD samples. We investigated the methylation status of the hMLH1 and hMSH2 genes to determine whether defects in the MMR pathway were associated with human NTDs. hMLH1 and hMSH2, the major active components of the MMR pathway, not only participate in DNA MMR, but also function in cell apoptosis and cell-cycle regulation. 30 Mutations to and aberrant methylation of hMLH1 and hMSH2 have been proposed as contributing factors for some cancers. 31 MSI is observed in approximately 15% of colorectal, gastric, and endometrial cancers, and, in lower frequencies, in a minority of other tumors, where it is associated with hyper-methylation of the promoter region of hMLH1. 32 In our study, the hMSH2 promoter region was unmethylated in the NTD samples. Conversely, the hMLH1 promoter region showed a specific methylation pattern in the '4,5 CpG' sites in some NTD patients, but no significant difference was seen between the two groups. Nevertheless, we cannot exclude the existence of other CpG methylation sites that may regulate hMLH1 and hMSH2 gene expression, or defects in other MMR genes that may also lead to MSI. The relations between MMR and NTDs still need further exploration.
The H19 and IGF2 genes share enhancers located downstream from H19. 33 In both mice and humans, H19 and IGF2 are broadly expressed during embryonic development and are postnatally downregulated in most tissues. H19 encodes a fully processed 2.3-kb non-coding RNA and was initially implicated as a tumor suppressor. IGF2 encodes a protein involved in promoting embryonic and placental growth, and development. 34 Disturbances of methylation in the H19 germline DMR are known to lead to dysregulation of H19/IGF2 imprinting, causing intrauterine growth retardation (Silver-Russell syndrome) and overgrowth (Beckwith-Wiedemann syndrome), 35 respectively. Biallelic expression of IGF2 has been reported in a number of cancer types. Methylation changes of the H19 DMR have been associated with loss of imprinting (LOI) of IGF2. The aberrant methylation at this site correlates with LOI in Wilms' tumors, bladder cancer, and colon cancer, as well as chronic myelogenous leukemia. 36 Researchers have studied the methylation changes at the H19/IGF2 locus in congenital growth disorders and cancer. They conclude that mechanisms of imprinting loss in neoplastic and non-neoplastic cells may be different. 37 Wang et al 38 researched the relation between hypo-methylation of long interspersed nucleotide elements (LINE-1) and risk of neural tube defects, and found that methylation the levels of genomic DNA and LINE-1 decreased significantly in the neural tissue of NTD samples. Hypo-methylation of LINE-1 is thought to be connected to genomic instability and endogenous DNA double-strand breaks in some cancers. In the current study, we found MSI present in NTD samples; thus, decreased genomic stability is likely to contribute to the development of NTDs.
For the purpose of researching the relationship between imprinted genes and NTDs, we selected the H19 DMR1 and IGF2 DMR0 as the and S11 are 49.9% and 90.0%, respectively. , methylated CpG sites; J, unmethylated CpG sites; N46, control; S11, NTDs. (b) Box plot showing mean methylation levels between NTD and control samples for H19 DMR1 methylation analysis by BSP, sub-cloning, and sequencing. The bottom and top of the box are the 25th and 75th percentile (the lower and upper quartiles, respectively), and the band near the middle of the box is the 50th percentile (the median). The ends of the whiskers represent 5th and 95th percentile. The methylation level of NTD group was higher than that of the control group (Student's t-test, Po0.05).
objective regions to conduct BSP, sub-cloning, and sequencing. We found the H19 DMR1 methylation level of NTD group was significantly higher than that of the control group (Student's t-test, Po0.05), whereas the IGF2 DMR0 showed similar methylation level in both groups, no significant difference was seen. These results indicated that the mechanisms that cause imprinting defects at the IGF2/H19 locus in NTDs may be different from the enhancer-competition model. The methylation status of IGF2 DMR0 may be independent of H19 DMR1. Studies showed that some DMRs are marked by allelic covalent modifications on histones as well 39 (ie, histone methylation and acetylation), and that DNA methylation is not the sole determinant of imprints. One study indicates that IGF2 DMR0 hypo-methylation occurs as an acquired tissue-specific somatic event, rather than a constitutive innate epimutation in tumor tissues. 40 It should be important to further explore the mechanisms that regulate the imprinting of the IGF2/H19 in the NTDs.
As hyper-methylation of DMR1 and genomic instability co-existed in NTD samples, they may correlate with the occurrence of NTDs. The methylation status of the H19 DMR1 in the NTD samples appeared to vary substantially, as 6 of 17 patients had methylation levels in excess of 80%, whereas the control group methylation status changed very little, with most levels at 45-60%. This result implied that the H19 DMR1 hyper-methylation status may be a marker for DNA methylation disorders.
The closing of the neural tube is a complex event that can be influenced by both genes and the environment. The interactions between genetic and environmental factors are now being untangled. In our study, MSI was observed in some NTD patients, which suggests that genomic instability and MMR defects occur in fetuses with NTDs. The hyper-methylation status of the H19 DMR1 indicated that abnormal expression of H19 may affect the occurrence of NTDs. Methylation abnormalities may, therefore, be pathological factors in NTDs. Genomic instability, the MMR pathway, and the imprinting genes IGF2/H19 are likely to exert combined effects on the pathogenesis of NTDs. Future investigation is needed for a better understanding of the mechanisms underlying the occurrence of NTDs.
